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Inoculation of 3-day-old (3D) or 3-week-old (3W) ducklings with duck hepatitis B virus results in chronic or
transient infection, respectively. We previously showed that rapid production of neutralizing antibody following
inoculation of 3W ducklings prevents virus from spreading in the liver and leads to a transient infection (Y.-Y.
Zhang and J. Summers, J. Virol. 78:1195–1201, 2004). In this study we further investigated early events of viral
infection in both 3D and 3W ducks. We present evidence that a lower level of virus replication in the
hepatocytes of 3W birds is an additional factor that probably favors transient infection. We suggest that lower
virus replication is due to a less rapid covalently closed circular DNA amplification, leading to lower viremias
and a slower spread of infection in the liver, and that the slower spread of infection in 3W ducks makes the
infection more sensitive to interruption by the host immune responses.

Hepadnaviruses are small DNA viruses that cause both tran-
sient and persistent infections of the liver (2, 21). The proto-
type virus of this family is the human hepatitis B virus (HBV),
a cause of chronic liver disease, including hepatocellular car-
cinoma (3). Duck hepatitis B virus (DHBV), a member of this
family, is a model virus for studying HBV replication and
infection (11, 13, 22). Initiation of hepadnavirus infection be-
gins with the formation of covalently closed circular DNA
(cccDNA) in the nucleus (12, 15, 19, 25). cccDNA serves as the
template molecule for viral transcription (21). Viral RNA tran-
scribed from cccDNA is transferred to the cytoplasm where
viral proteins are synthesized and new viral relaxed circular
DNA (rcDNA) is subsequently produced by reverse transcrip-
tion (21, 26). The newly synthesized rcDNA can be directed to
the nucleus to amplify or replenish the cccDNA pool (25, 27),
or it can be directed into a virus assembly pathway (7). The
usage of these alternative pathways for newly synthesized
rcDNA is regulated by the production of viral pre-S proteins
(7, 23, 24). The size of the cccDNA pool has an important
impact on the level of viral replication, since viral gene expres-
sion is controlled at one level by the gene dosage, the number
of cccDNA copies in each nucleus (24).

Transient or persistent infection with HBV is largely deter-
mined by the age at which the infection is acquired. When the
viral infection occurs perinatally, more than 90% of such in-
fections become persistent (1, 16, 20). In contrast, more than
90% of infections occurring in adults are transient (14, 18). A
similar relationship between the age at which infection occurs
and persistence of the infection is seen in ducks infected with
DHBV (4–6). The mechanisms responsible for age-related
outcome of hepadnavirus infection are not clear. It appears

that the spread of the infection from a small fraction of initially
infected cells to the whole liver or the restriction of the infec-
tion to the initially infected cells is a key step for the determi-
nation of different outcomes. We have shown that rapid pro-
duction of neutralizing antibody in 3-week-old (3W) ducks at
early times of the infection blocks the spread of virus in the
liver and leads to a transient infection (30). The effectiveness
of blocking the spread of the infection by neutralizing antibody
probably depends on the amount of available neutralizing an-
tibody and the level of viremia. Therefore, the level of virus
production at the earliest stage of infection may determine the
effectiveness of the neutralizing antibody and influence
whether an infection spreads throughout the liver.

In this study we investigated the level of replication and
production of virus immediately after infection in 3-day-old
(3D) and 3W DHBV-infected ducks. We found that the vire-
mia at 2 days postinoculation (p.i.) in the 3D group was 10- to
500-fold higher than that in the 3W group, even though the
fractions of initially infected cells were similar in both groups.
Measurements of replicative intermediates and cccDNA at 1
day p.i. suggested that rcDNA was converted to cccDNA more
rapidly in 3D ducks than in 3W ducks, resulting in higher rates
of virus production and spread of the infection.

MATERIALS AND METHODS

Animals, virus inocula, and sample collection (Table 1). One-day-old Peking
ducklings were purchased from Metzer Farms (Redlands, Calif.). Congenitally
DHBV-infected ducklings, detected after screening by dot blotting (9), were
excluded from experiments. A pooled serum-derived DHBV that was collected
from a congenitally infected Peking duck during a period of 2 weeks (3 days to
20 days old) was used as the inoculum. Viral DNA was extracted from 10 �l
pooled serum in duplicate (see below), and the virus titer of the pooled serum
was determined by real-time PCR. The procedure used for DNA extraction from
the serum was published previously (28). Two groups of ducks at different ages
were used for DHBV infection. One group was infected at 3 days after hatching
(3D group), and the other group was infected at 3 weeks after hatching (3W
group). Each 3-day-old and 3-week-old duck was intravenously inoculated with
1.6 � 108 and 1.6 � 109 viral genome equivalents, respectively, in 0.2- to 0.3-ml
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volume. The experimental infection of the 3W group was conducted three times,
each time with four to six ducks. Serum samples were collected from each animal
for determining the presence or absence of the maternal antibody before the
inoculation.

Blood samples at 5 min, 1, 3, and 5 or 6 h p.i. were drawn from each animal
for determining kinetics of inoculated viruses in the plasma. Then serum samples
were collected daily from day 1 to day 8 p.i. for monitoring viremia in each
animal. Liver biopsy was performed in five 3W ducks at 1.5 to 3.5 h p.i. for
determining the amount of inoculum virus bound in the liver. Liver biopsies were
then performed in the rest of ducks at day 1 p.i.

Extraction of DNA from serum for determining viremia and titers of inocu-
lated viruses. Ten microliters of serum was mixed with 352 �l TE buffer (10 mM
Tris and 1 mM EDTA, pH 7.5) containing 0.2% sodium dodecyl sulfate, 500
�g/ml pronase (Calbiochem), 20 �g tRNA (Roche), and 150 mg NaCl/ml and
incubated at 37°C for 1 hour. Then digested serum was subjected to phenol
extraction and ethanol precipitation. DNA was dissolved in 20 �l TE buffer with
1 �g/ml RNase A (Sigma) and incubated at 37°C for 10 min. An amount of DNA
equivalent to the amount in 0.5 �l serum was used for real-time PCR.

Isolation of replicative intermediates and cccDNA from liver biopsies. About
30 mg liver tissue was homogenized in the presence of 1 ml cold buffer consisting
of 150 mM Tris-HCl and 1 mM EDTA. Cytoplasmic and nuclear fractions were
separated from the homogenate by microcentrifugation. Extraction of replicative
intermediates from the supernatant follows the protocol developed by this lab-
oratory (8). The pellet portion was used for isolation of cccDNA after alkaline
denaturation, potassium acetate precipitation, and phenol extraction at pH 5
(10).

Determining copy numbers of cccDNA and replicative intermediates by real-
time PCR. Purified cccDNA was subjected to EcoRI digestion before PCR
amplification. The amplification of cccDNA molecules was conducted with a pair
of primers that flank the cohesive region (DHBV 2407 [5� TGT CCC GAG CAA
ATA TAA TCC] and DHBV 2840R [5� TGT GTA GTC TGC CAG AAG TCT
TC]). The specificity for amplification of cccDNA was tested by comparing
EcoRI-cut templates with uncut templates. The detection of cccDNA was in-
creased by 40- to 120-fold by EcoRI cleavage compared with uncut template
(data not shown). Because only linearized cccDNA can be denatured by heat to
allow PCR amplification, this result suggested that the overwhelming majority of
templates amplified by this primer set after digestion were derived from
cccDNA.

For real-time PCR analysis of copy number of cccDNA and replicative inter-
mediates, 5 �l extracted replicative intermediates or EcoRI-cleaved cccDNA was
mixed with 10 �l 2� SYBR green supermix (Bio-Rad), primers, and water in a
total volume of 20 �l. The PCR mix contained a final concentration of 50 mM
KCl, 20 mM Tris-HCl, pH 8.4, 200 �M of each deoxynucleoside triphosphate, 0.5
unit of iTaq DNA polymerase, 3 mM MgCl2, SYBR Green I, 10 nM fluorescein,
and 200 nM of each primer (DHBV2548 [5� TTC GGA GCT GCT TGC CAA
GGT ATC] and DHBV2840R were used for detection of replicative intermedi-
ates). The PCR amplification cycle consisted of three temperature profiles:
denaturation at 94°C for 20 s, annealing at 58°C for 15 s, and elongation at 72°C
for 45 s. The specificity of PCR products was verified by melting curves or
agarose electrophoresis. In order to have accurate standard plasmid controls, the
supercoiled plasmid containing the DHBV genome was isolated from an agarose
gel and recovered using a commercial gel purification column (QIAGEN). The
optical density at 260 nm was measured to determine the copy number, and the
purified plasmid was linearized by EcoRI cleavage.

Isolation and distribution of nuclei. Nuclei were isolated as previously de-
scribed (29). The purified nuclei were suspended with buffer containing 10 mM
Tris-HCl, pH 7.5, 3 mM MgCl2, 0.25 M sucrose, 0.05% Triton X-100, and
ethidium bromide (1 �g/ml), counted with a hemacytometer, and diluted to a
concentration of 10 nuclei/5 �l. Then 5 �l of this suspension was distributed into

each one of the 96 wells of the PCR plate; each well contained 5 �l/well
proteinase K solution (500 �g/ml). Nuclei in the wells of the PCR plate were
incubated for 1 hour at 50°C to release cccDNA and then for 15 min at 75°C to
inactivate proteinase K. Then 10 �l PCR mix (containing 2 �l of the supplier’s
PCR buffer [Roche], 200 �M each deoxynucleotide triphosphate, 2 units of
EcoRI, 0.7 unit of Expand High Fidelity DNA polymerase [Roche], 375 nM each
primer [DHBV2407 and 2840R] that flank cohesive ends of the DHBV genome)
was added to each well. The nuclei were subjected to EcoRI digestion and the
first PCR, which consisted of 37°C for 60 min, denaturation at 94°C for 4 min,
followed by 35 cycles of 94°C for 15 s, 58°C for 20 s, and 72°C for 45 s. The second
PCR was performed as described below.

Measurement of cccDNA copy in each infected cell. Briefly, all the DNA
released by proteinase K digestion was cut with EcoRI and diluted to 120 �l with
a complete PCR mixture containing (final amounts) 12 pmol each of primers
(DHBV2407 and 2840R), 4.2 units Expand High Fidelity DNA polymerase
(Roche Diagnostics Corp.), and 12 �l of the supplier’s PCR buffer containing 15
mM MgCl2. The PCR mix was distributed in 10-�l aliquots to 12 wells of a PCR
microplate and subjected to the following amplification: denaturation at 94°C for
4 min, followed by 35 cycles of 94°C for 20 seconds, 58°C for 15 seconds, and 72°C
for 45 seconds, and a final elongation step of 72°C for 4 min. For the second
PCR, approximately 0.1 �l of each reaction mixture was transferred to a new
PCR plate with reaction mixtures that contained a heminested primer set. Seed-
ing of the nested reactions was carried out by use of a 96-well microplate pin
replicator (Nalgene Nunc International Corp., Naperville, IL). The heminested
reaction mixture in a volume of 10 �l consisted of 5 pmol each of primers specific
for cccDNA (DHBV2437 [5� CCC ATC CAG GCA CAA A] and DHBV2840R),
200 �M each deoxynucleoside triphosphate, 0.25 unit Ampli Taq Gold DNA
polymerase (Applied Biosystem), and 1 �l of the supplier’s 10� PCR mix
containing 2.5 mM MgCl2/ml.

Assay for maternal antibody by blocking infectivity. The assay for maternal
antibody was done using primary duck hepatocyte (PDH) cultures. Preparation
of hepatocyte cultures followed the protocol previously described (17). To de-
termine whether a particular serum sample contained maternal antibody, an
inoculum of 2 � 106 virus particles was first mixed with 100 �l serum and
incubated at 37°C for 1 hour and then added to PDH cultures 1 day after plating.
The medium was changed daily. Cultures were harvested for DNA extraction at
9 days postinoculation. Blocking of infectivity was judged by comparing the
amount of replicative intermediates in PDH cultures infected with the standard
inoculum alone or the inoculum incubated with fetal bovine serum or with a test
serum sample.

RESULTS

We have observed that titers of DHBV in experimentally
infected 3D ducklings are significantly higher than those in 3W
ducks in the first days postinfection. The initial rate of virus
production could affect how fast the infection could be spread
in the liver. We investigated factors that could lead to high
rates of virus production in the 3D ducklings with DHBV
infection: kinetics of uptake of inoculated virus, the number of
initially infected cells, and the extent of amplification of the
cccDNA pool.

Kinetics of inoculated viruses and the influence of maternal
antibody. The presence of maternal antibody in serum could
have an effect on the number of hepatocytes that are initially
infected. Maternal antibody in the preinfected serum samples

TABLE 1. Ducks used in the experiments

Age group Animal no. Maternal antibody
presenta

Inoculum
dose

Time of biopsy
(day)

Time of early
bleeds (h)

Time
sacrificed

3D 51, 52, 55, 57, 59, 60, 63, 64 52, 59, 63 1.6 � 108 1 0, 1, 3, 6 8 days
53, 54, 56, 58, 62 54 1.6 � 108 8 days

3W 13a, 14a, 17a, 18a, 19a ND 1.6 � 109 1.5–3.5 h
15, 16, 18, 19, 20, 22, 63a, 67, 72, 73 ND 1.6 � 109 1 0, 1, 3, 5 8 days

a Blocking of infection of primary duck hepatocytes by serum samples from these birds. nd, not detected.
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from both groups was assayed by its ability to block infection of
duck primary hepatocyte cultures by a standard inoculum.
Blocking antibody could be detected in some serum samples
from 3-day-old ducklings, but this activity disappeared at later
times and was not detected after 7 days (Fig. 1 and Table 1).

The kinetics of disappearance of inoculated virus from se-
rum were fairly uniform among the different ducks in the 3W
group (Fig. 2). The titers of inoculated viruses were around 2
� 107 viral genomes/ml in sera taken at 5 min p.i. and only 104

to 103 viral genomes/ml at 5 h after inoculation. In contrast, the
kinetics of disappearance of the inoculated viruses in the sera
of the 3D group varied from duck to duck. For example, the
titers of the inoculated viruses in the sera taken at 5 min p.i.
differed over a 100-fold range, and the rate of loss of virus from
serum was variable and more rapid in several of the ducks from
the 3D group (Fig. 2). Rapid disappearance of the inoculated
virus was correlated with the presence of maternal antibody in

the 3D group (Table 1); i.e., 3D ducklings showing the lowest
initial titers of inoculated viruses (ducks 52, 54, 59, and 63) and
complete removal within 1 hour had the highest activities of
maternal antibody (Fig. 1). The accelerated removal of inoc-
ulated virus from blood was associated with a reduced number
of infected cells detected at day 1 p.i. (see below).

Uptake of inoculated virus by the liver. To determine the
amount of virus that localized to the liver during the disap-
pearance of virus from blood, five birds from the 3W group
were sacrificed between 1.5 and 3.5 h p.i., and total viral DNA
was extracted from pieces of liver and quantified by real-time
PCR. The amount of viral DNA was normalized to the number
of liver cells assayed, as determined by counting nuclei in the
homogenized tissue before extraction. As shown in Table 2, the
amount of viral DNA ranged from 0.02 to 0.09 molecule per
cell. This amount of viral DNA accounted for 3 to 11% of the
total number of viral genomes injected in the inoculum. Since
the liver constitutes about 5% of the body mass of young
ducklings, our results fail to demonstrate liver-specific homing
of inoculated virus. The livers from birds in the 3D group were
not analyzed in this manner.

Fraction of infected cells at 1 day p.i. We analyzed the
fraction of liver cells initially infected with inoculated virus in
8 ducklings of the 3D group and in 10 ducklings of the 3W
group. Infection was determined by the presence of cccDNA,
detected by PCR in dilutions of nuclei isolated from liver
biopsies taken at 1 day p.i. At dilutions of nuclei that yielded a
small fraction of reactions positive for cccDNA, we assumed
that each cccDNA-positive well was derived from one infected
nucleus. By this assay, we estimated that 1.3 to 4.2% of nuclei
were infected in the 3W group ducks. In the 3D group, the
ducklings with maternal antibody showed very low to undetect-
able levels of infection (ducks 52, 59, and 63), while in duck-
lings with no maternal antibody, 1.3 to 4.7% of nuclei were
infected (Table 3). These data suggest that maternal antibody
could greatly influence the efficiency at which a viral inoculum
established infection, but otherwise, infection of hepatocytes
was initiated with similar efficiencies in the 3D and 3W groups.

Replicative intermediates and cccDNA molecules in the liv-
ers at 1 day p.i. Total replicative intermediates and cccDNA
from the same piece of liver tissue taken at 1 day p.i. were
assayed by real-time PCR. The copy numbers of replicative
intermediates and cccDNA were normalized to the number of
infected cells analyzed, estimated from the number of cells
extracted and the fraction of cells infected. As shown in Table
3, the average copy numbers of both replicative intermediates
and cccDNA per infected cell were higher in the 3D group
(15.1 and 6.0, respectively) than in the 3W group (7.7 and 1.3,
respectively). This result suggests that cccDNA may amplify
more rapidly in 3D ducklings than in the 3W ducks.

To compare more directly the cccDNA copy numbers per
cell between the two groups of ducks, individual nuclei were
analyzed for the number of molecules of cccDNA. Dilutions of
nuclei containing a single cccDNA molecule were extracted,
and the cccDNA molecules were distributed among 6 or 12
wells of a PCR microplate, and each well was analyzed for the
presence of a cccDNA template by nested PCR. As shown in
Table 4, out of 15 infected nuclei assayed, 13 nuclei yielded
only one positive well, suggesting the presence of a single
cccDNA molecule, while the remaining two nuclei yielded two

FIG. 1. Detection of maternal antibody present in preinfected se-
rum samples. Preinfection serum samples from 3D and 3W ducks were
analyzed for their ability to block infection of primary duck hepato-
cytes with 2 � 106 virus particles. After incubation with 100-�l prein-
fection serum samples from the indicated ducklings (ducks 52, 55, 57,
59, 60, 63, 64, and 73), the inoculum was added to cultures of primary
duck hepatocytes. At 9 days postinfection, viral replicative intermedi-
ates were extracted and analyzed by Southern blotting. A reduction of
replicative intermediates compared with inoculum alone (none) or
inoculum incubated with fetal bovine serum (FBS) was taken to indi-
cate the presence of the maternal antibody. (A) 3D group; (B) 3W
group. Note that only serum samples collected from three ducks at
ages 3 and 7 days (3d and 7d, respectively) of the 3W group are shown,
since blocking activity was found to be absent by 7 days after hatching.
The positions of rcDNA (rc) and single-stranded DNA (ss) are shown
to the left of the blots.
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positive wells. In contrast, of 20 infected nuclei from the 3D
group, 12 nuclei yielded 1 or 2 positive wells and 8 nuclei
yielded 3 to 12 positive wells. The number of cccDNA mole-
cules per nucleus ranged from 1 to 2.4, with a mean of 1.3, in
the 3W group. The number ranged from 1 to 29 or more, with
a mean of 6.4 or more in the 3D group. These numbers are in
good agreement with the average estimates in Table 3, but in
addition, they reveal that the higher average copy numbers in
the 3D group were due to the large contributions of a subset of
hepatocytes.

Viremia at day 2 p.i. Viremia was not detected at 1 day p.i.
in either group. However, at 2 days p.i. viremia was detected in
both groups, and the mean viremia was approximately 17-fold

FIG. 2. Kinetics of disappearance of inoculated virus from the blood. Serial serum samples (10 �l) from each animal obtained at 5 min, 1, 3,
and 5 or 6 h postinoculation were extracted, and DNA equivalent to the amount of DNA in 0.5 �l serum was amplified in duplicate by real-time
PCR. Data from individual ducks are shown.

TABLE 2. Recovery of inoculum in the livers of 3W ducks

Duck
no.

Time p.i.
(h)

No. of genomes/
liver cell

Body (liver)
mass (g)a

Fraction of
inoculum
recovered
in liverb

13a 1.5 0.05 870 (44) 0.07
14a 2.0 0.08 790 (40) 0.10
17a 2.5 0.09 790 (40) 0.11
18a 3.0 0.07 840 (42) 0.09
19a 3.5 0.02 880 (44) 0.03

a Liver mass calculated as 5% of body mass.
b Calculated as follows: (number of genomes per liver cell)(5 � 107 cells)

(number of grams of liver)/(1.6 � 109).
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higher in 3D ducks than in 3W ducks (Table 3). We observed
a rough correlation between the fraction of infected cells and
the viremia at day 2 in individuals of both age groups; however,
the 3D ducks on average produced a higher viremia per in-
fected cell than did the 3W ducks, consistent with their higher
copy numbers of cccDNA.

Rate of spread of the infection among 3D and 3W ducks. As
shown in Fig. 3, the increase in viremia in 3D ducks approxi-
mated first-order kinetics, reaching a maximum at around 1010

viral genomes per ml. The rate of increase in virus titers was
independent of the titer at day 2 in all animals except one
(duck 63) in which a high activity of maternal antibody strongly
reduced the level of infection and apparently prevented its
spread. These data indicated that absent strong maternal an-
tibody sufficient to block infection and/or spread completely,
the time for complete spread of infection depended primarily
on the initial number of infected cells. The levels of viral
replicative intermediates in the livers of the 3D group at sac-
rifice 8 days p.i. were similar for all animals (mean, 1,090 � 225
molecules/cell; range, 759 to 1,349 molecules/cell).

In contrast, there was no correlation in the 3W group be-
tween the levels of viremia at 2 days p.i. and subsequent levels
of viremia. The amounts of virus in blood in this age group rose
or fell sporadically, regardless of the initial level of infection or
viremia at day 2 (Fig. 3). In addition, we found that the amount
of viral DNA in the liver at sacrifice at 8 days p.i. differed
among individual ducks of the 3W age group as much as
200-fold (mean, 1,016 � 736 molecules/cell; range, 10 to
2,107molecules/cell), and these amounts did not correlate with
the individual viremias at the time of sacrifice. Immunohisto-
chemical detection of the DHBV pre-S/S protein (not shown)

TABLE 3. Assays for replicative intermediates, cccDNA, and viremia

Age
group Animal no. % Infected

cells

Copy no. of:

RI/infected cell
at day 1a

cccDNA/infected cell
at day 1

Virus at day 2
(10�5)

Viral DNA/hepatocyte
at day 8

3D 51 4 9.6 5.1 80 1,304
52 �0.1 NDb ND
55 3.9 23.3 7.6 100 982
57 1.3 6.3 3.5 9 1,349
59 0.1 20.2 10.0 0.2 1,171
60 4.7 15.7 5.1 90 980
63 �0.1 ND ND
64 1.3 15.5 4.9 20 759

Mean 2.6 � 1.9 15.1 � 6.4 6.0 � 2.4 50 � 50 1,090 � 225

3W 15 2.6 6.9 1.1 0.9 187
16 2.8 7.5 1.1 5 2,107
18 2.6 25.5 2.9 9 1,212
19 3.3 11.9 2.1 5 827
20 2.9 6.7 1.5 1 1,415
22 4.2 5.7 0.4 4 1,813
63a 1.2 2.2 1.0 0.3 704
67 1.6 1.6 1.1 0.2 234
72 1.3 6.2 0.8 0.6 10
73 3.2 2.9 1.0 2 1,655

Mean 2.6 � 1.0 7.7 � 6.9 1.3 � 0.7 3 � 3 1,016 � 736

a RI, replicative intermediates.
b ND, not detected.

TABLE 4. Assay for cccDNA copy numbers in single nuclei at day
1 postinfection

Age group and duck

No. of:

Positive
wells

Expected
cccDNAs/nucleusa Nuclei

3D duck 55 1 1.0 8
2 2.2 4
3 3.5 1
4 4.9 0
5 6.5 2
6 8.3 1
7 10.5 1
8 13.2 0
9 16.6 1
10 21.5 0
11 29.8 1
12 �29.8 1

Mean �6.4
Total no. 20

3W ducks 72 and 73 1 1.1 13
2 2.4 2
3 4.2 0
4 6.6 0
5 10.8 0
6 �10.8 0

Mean 1.3
Total no. 15

a From Poisson distribution, �ln(P(0)) � number of wells.
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indicated that the differences in viral DNA in the livers of the
ducks were at least partially due to the number of infected
hepatocytes, with values of 700 copies per cell or more corre-
sponding to infection of all hepatocytes. We do not know
whether the differences in the extent of infection were due to
a failure of the infection to spread throughout the liver or
whether some infections were in the process of clearance at the
time of sacrifice. In a previous study in which 3-week-old duck-
lings were infected with a lower dose of virus (30), we showed
that a rapid production of neutralizing antibody prevented the
spread of infection throughout the liver. If the fluctuating
levels of viremia in the 3W group were similarly due to anti-

body responses, they were insufficient in at least 7 of 10 birds,
resulting in a complete block of the spread of infection.

DISCUSSION

3D ducklings differ from 3W ducklings in their susceptibility
to DHBV infection. In the 3D birds, virus infection spreads
rapidly from very low doses to produce a fully infected liver
that usually persists through the lifetime of the duck. In 3W
ducks, the outcome of an infection depends on the size of the
inoculum, with smaller inocula generally resulting in a tran-
sient infection that does not spread through the liver (6). We

FIG. 3. Accumulation of virus in the blood of 3D and 3W ducklings. Serial serum samples were collected daily from each animal. DNA was
extracted from 10 �l serum at each time point, and an amount equivalent to 0.5 �l was assayed in duplicate by real-time PCR. Data from individual
ducks are shown.
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previously demonstrated that rapid production of neutralizing
antibody in 3W ducks, either in response to the inoculum or to
the initially infected cells, is associated with failure of low-dose
infections to spread (30). In this study we examined whether
other differences in early events in infection of 3D and 3W
ducklings might also influence the outcome.

Kinetics of uptake of the inoculum. The disappearance of
virus from blood in ducks from the 3W group was observed to
occur at similar rates in all birds. However, at the first bleed,
which was taken at approximately 5 min p.i., the amount of
virus in blood accounted for only 10 percent or less of the
inoculum injected. This suggests that 90% or more of the
added inoculum was taken up from the blood within 5 min.
Moreover, after viral clearance from the blood, between 1.5 to
3.5 h after inoculation, the amount of viral genomes recovered
from the liver accounted for only about 2 to 11% of the inoc-
ulum. Therefore, most viruses were removed from the blood by
pathways that did not result in binding to liver cells or their
infection. The amount of virus taken up the liver, however,
corresponded approximately to the number of infected cells
determined by the presence of cccDNA in liver cell nuclei at
day 1 p.i. in ducks infected with the same inoculum. This result
indicated that viral infection was successfully established in
almost every cell in the liver with bound virus.

In the 3D group of ducks, the rate of removal of virus from
the blood over the first 6 h after inoculation differed signifi-
cantly from bird to bird, and the amount of virus present at 5
min was already low in those individuals with higher rates of
viral clearance. This enhanced rate of virus uptake from the
blood was most evident in birds with demonstrable maternal
antibody (ducks 52, 59, and 63), suggesting that accelerated
removal was due to the presence of maternal antibody, perhaps
by opsonization of antibody-bound virus. These birds also had
significantly reduced numbers of infected cells at day 1 p.i.,
either because removal from the blood prevented infection or
because antibody binding neutralized infectivity of the virus or
both. Aside from the influence of maternal antibody in 3D
ducklings, no consistent differences were observed in the effi-
ciencies of infection of 3D and 3W ducklings.

Viral DNA replication at early times of infection. At 1 day
p.i. infected hepatocytes in the 3D ducklings appeared to have
progressed to a more advanced stage of infection than those in
the 3W group, as evidenced by a higher number of copies of
both replicative intermediates and cccDNA. However, hepa-
tocytes from 3W birds contained more replicative intermedi-
ates per cccDNA than those from 3D birds. This distribution is
consistent with a reduced rate of conversion of rcDNA to
cccDNA resulting in a lower rate of cccDNA amplification and
virus production. Assay of cccDNA levels in individual nuclei
indicated a broad range of cccDNA amplification levels in 3D,
but not in 3W, ducklings. Whether this range reflects differ-
ences in the intrinsic ability of hepatocytes to amplify cccDNA
is not known.

The factors that influence the rate of cccDNA amplification
are not entirely defined. Pre-S envelope protein is known to
inhibit cccDNA synthesis (7, 23, 24), and it is possible that
excess early production of this viral protein from the initial
cccDNA in 3W hepatocytes could cause the low levels ob-
served. Cell-type-specific factors are also certainly involved, as
cccDNA synthesis does not occur in many cell types trans-

fected in vitro (J. Summers, unpublished observation). It is
possible that developmental or adaptive factors directly influ-
ence the ability of DHBV to establish an infection in hepato-
cytes by affecting the rate of cccDNA amplification.

In both 3D and 3W ducks, the viremia observed at 2 days p.i.
appeared to be directly related to the number of infected cells
and the amount of cccDNA per cell. Thus, major differences in
the earliest stages in the spread of infection are primarily
determined by the absence of maternal antibody and the age-
dependent ability of cells to amplify cccDNA.

Factors determining the rate of spread of infection in 3D
and 3W groups. The rate of spread of infection in 3D ducklings
was much more uniform and generally higher than that seen in
3W ducks, even when the numbers of initially infected cells
were affected by maternal antibody. As shown in Fig. 3, the
accumulation of virus in blood followed approximately the
same kinetics (doubling time about 7 h), regardless of the
starting level of viremia at day 2 p.i. This result indicates that
virus spread proceeded unimpeded from the initially infected
cells in 3D ducklings. However, in 3W ducks the accumulation
of virus in blood was variable from bird to bird and was not
correlated with viremia at 2 days p.i. (Fig. 3). Lack of such
correlation indicates that there are factors in addition to the
initial number of infected cells that determine the course of the
infection in 3W ducks. Individual differences in the host’s
adaptive and innate immune responses to the viral infection
would likely be such factors.

As we previously reported (30), a rapid production of neu-
tralizing antibody in 3W ducks consistently led to a transient
DHBV infection with smaller inocula than those used in this
study, and differences in antibody production might be respon-
sible for differences in virus spread in this study. The reduced
ability to amplify cccDNA at early times after infection in 3W
ducks would appear to contribute to the variability in outcome
by limiting the early production of virus and possibly causing
the spread of infection to be more sensitive to differences in
the immune response.
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